H i t h e r t o p e r f e c t c r y s t a l neutron i n t e r f e r o m e t r y has l e d t o numerous b e a u t i f u l experiments measuring the change o f the phase o f the wave f u n c t i o n due t o matter o r f i e l d s a c t i n g on t h e neutron e s s e n t i a l l y w h i l e on f l i g h t between t h e c r y s t a l plates. I n contrast, t h e possible phase change o f the neutron wave due t o t h e i n d i v i d u a l s c a t t e r i n g event i n the c r y s t a l p l a t e s themselves has found l i t t l e a t t e n t i o n , though i t had been recognized from the e a r l y days o f Ingstrom wave i n t e r f e r o m e t r y on, t h a t these methods could i n p r i n c i p l e lead t o a possible d i r e c t s o l u t i o n o f the phase problem i n crystallography. The idea there i s t o s u b s t i t u t e t h e t h i r d c r y s t a l p l a t e i n the standard Laue-case t h r e e -c r y s t a l i n t e r f e r o m e t e r by a p l a t e o f the s c a t t e r e r whose s c a t t e r i n g phase i s t o be determined. Then i t follows, t h a t the amplitude o f , say, the forward wave behind the i n t e r f e r o m e t e r i s given as + where V(G) i s the Fourier transform o f the neutron-crystal i n t e r a c t i o n p o t e n t i a l appropriate f o r the d i f f r a c t i n g G-planes. Unprinied q u a n t i t i e s denote s c a t t e r i n g i n t h e i n t e r f e r o m e t e r c r y s t a l and primed q u a n t i t i e s denote t h e unknown c r y s t a l . Res t r i c t i n g our a n s l y s i s t o non-absorbing c r y s t a l , we may now w r i t e and I n t h e l a t t e r e uation, the f i r s t phase f a c t o r i s the one t o be determined, w h i l e i n the second one f i s a p o s i t i o n vector o f a l a t t i c e p o i n t i n the interferometer c r ys t a l and 3' i s one f o r the unknown c r y s t a l . Thus, t h i s l a t t e r term describes the e f f e c t o f the r e l a t i v e t r a n s l a t i o n a l p o s i t i o n o f these c r y s t a l s . For Eq. Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1984334 had t o assume, t h a t t h e l a t t i c e constants o f t h e two c r y s t a l s are equal, which feature g r e a t l y reduces the a p p l i c a b i l i t y of t h e method. The i n t e n s i t y o f the forward beam i s t h e r e f o r e This i n t e n s i t y i s dependent on the phase d i f f e r e n c e (P-(P' between t h e two r e f l e c t i o n s . Unfortunately i t i s a l s o q u i t e s e n s i t i v e t o t h e r e l a t i v e p o s i t i o n i n g o f the c r y s t a l s on a f r a c t i o n a l Angstrom scale. This l a t t e r f e a t u r e together w i t h the requirement o f equal l a t t i c e constants severly l i m i t s the a p p l i c a b i l i t y o f the method. I t i s important t o note, t h a t i n a standard Laue-case three-crystal i n t e r f e r o m e t e r these conditions are met, since a l l t h r e e c r y s t a l p l a t e s are c u t o u t o f the same c ys a Yet Eq. ( 4 ) seems t o suggest, t h a t i n t h a t case the phase d i f f e r e n c e ( y -y 1 + 8 . ( i -4 ' ) ) vanishes i n a t r i v i a l sense. W e a l s o note t h a t then the assumption inherent i n Eq. (1) t h a t IV(0)l = I V ' ( 0 ) l and 1~( 8 ) 1 = 1 v 1 ( 8 ) ] are f u l f i l l e d . I f these assumptions would n o t hold more complicated r e l a t i o n s would follow, which a r e n o t necessary f o r t h e present paper.
I t i s the p o i n t o f the present paper, t h a t the method discussed above can very w e l l be used t o determine c e r t a i n s c a t t e r i n g phases, i f the neutron spin i s brought i n t o play. To discuss t h i s case we consider a non-magnetic Laue-crystal ( Fig. 1 ) i l l u m inated by two equally b r i g h t , coherent plane waves $1 and $2 o f equal amplitude whose Fig. 1 : Laue-case c r y s t a l p l a t e w i t h two Bragg waves $1 and $2 i n c i d e n t w i t h equal amplitude and w i t h t h e i r phase adjusted such t h a t the i n t e ns i t i e s r e g i s t e r e d i n the detectors Dl and D2 i s equal.
wave vectors s a t i s f y t h e Bragg c o n d i t i o n exactly, whose spins are o r i e n t e d normal t o the s c a t t e r i n g plane and whose r e l a t i v e phase i s adjusted such, t h a t t h e detectors Dl and D2 r e g i s t e r equal i n t e n s i t y . W e then r a i s e the f o l l o w i n g question: "If the spin o f the i l l u m i n a t i n g r a d i a t i o n i s now f l i p p e d w i t h o u t i n t r o d u c i n g any s h i f t i n
the r e l a t i v e phase o f and $2, w i l l the i n t e n s i t i e s i n t h e detectors Dl and D2 change, i.e., does s p i n reversal i t s e l f produce a f r i n g e s h i f t ? " Analyzing t h i s case, we f i r s t note, t h a t t h e s p i n i s f l i p p e d around the same a x i s i n both beams. Thus we avoide any phase f a c t o r due t o the f l i p p i n g f i e l d i t s e l f /I/. Ye& i n t h e presence o f Schwinger s p i n -o r b i t s c a t t e r i n g , the p o t e n t i a l c o e f f i c i e n t s V( ) are complex q u a n t i t i e s even i f a l l o t h e r c o n t r i b u t i o n s are r e a l because t h e s p i n -o r b i t s c a t t e r i n g l e n g t h i s p u r e l y imaginary /2/ bSO = i bF Z(1 -f ) c o t O~ z. Fi where bF = -1 . 4 6 8~ fm i s the Foldy s c a t t e r i n g l e n g t h / 3 / , Z i s the charge number o f t h e nucleus, f i s the e l e c t r o n form f a c t o r , 0 i s the Bragg angle, $ i s the Pauli s p i n operator and 6 i s a u n i t vector normal t o t i e s c a t t e r i n g plane. The answer t o our question above f o l l o w s immediately from Eqs. (5) and (6). Focussing, e.g., on the beam leading t o detector Dl, we note t h a t i t s p a r t i a l amplitude coming from $1 w i l l s u f f e r a phase change o f 2~ merely due t o the s p i n f l i p . Hence t h e superposit i o n w i t h the forward scattered 38rt o f $2 which does n o t experience such a phase change w i l l lead t o an observable change o f i n t e n s i t y .
W e propose an experiment using a t h r e e -c r y s t a l interferometer (Fig. 2) , since t h e technology o f p o l a r i z e d neutron i n t e r f e r o m e t r y i s w e l l developed by now /4/. The 
o r a d i r e c t measurement o f t h e s p i n -o r b i t s c a t t e r i n g phase using a Laue-case t h r e e -c r y s t a l i n t e r f e r ometer. The B -f i e l d i s arranged such, t h a t i t s phase s h i f t e f f e c t on the two interferometer beams i s i d e n t ic a l . nuclear phase s h i f t e r would be used t o get the interferometer a t maximum phase sensit i v i t y and a magnetic f i e l d would f l i p the spins between the second and the t h i r d c r y s t a l p l a t e . Thus, i f varying i n such an experiment the magnetic f i e l d strength, a v a r i a t i o n o f the i n t e n s i t i e s o f the beams behind the interferometer w i t h the p e r i o d i c i t y o f the Larmor precession w i l l r e s u l t , i n c o n t r a s t t o t h e 4~-experiments where double t h a t p e r i o d i c i t y was observed.
The c o n t r a s t o f the f r i n g e s w i l l be determined by the s p i n -o r b i t s c a t t e r i n g phase s h i f t . W e f i n d f o r 2~ , i.e. the phase s h i f t due t o a complete s p i n f l i p , and S i (220) r e f l e c t i o n valuesS8f 1 . 8 5~ IO-I, 3 . 6 6~ 10-2 and 1 . 7 9~ 10-2 radians f o r neutrons o f wavelength 0.1, 0.5 and 1.0 angstrom, respectively. W e f u r t h e r note, t h a t the s e n s i t i v i t y could be improved by another f a c t o r o f two, i f a f l i p p i n g f i e l d would a l s o be employed between the f i r s t two c r y s t a l plates. I f the c r y s t a l p l a t e s are s u f f i c i e n t l y t h i n , such a f i e l d could extend a l l over the interferometer c r y s t a l .
Another spin-dependent e f f e c t r e s u l t s i f the neutron c a r r i e s an e l e c t r i c d i p o l e moment pe. This has e x p l i c i t e l y been used by Shull and Nathans /5/ i n a search f o r a neutron EDM using absorbing c r y s t a l s . The corresponding s c a t t e r i n g l e n g t h i s given as 2m bEDM = i Ze (1 -f ) -p 8.8.
( 7 1 h26 Thus, i f we had neutrons p o l a r i z e d p a r a l l e l t o G, we would p i c k up a phase s h i f t o f o n l y 1.1 x 10-8 radians upon s p i n f l i p both i n f r o n t and behind the middle p l a t e i n an S i (220)-interferometer f o r pe/e = 10-25+c~. P and T v i o l a t i n g c o n t r i b u t i o n s t o t h e s c a t t e r i n g length could a l s o e x h i b i t a o-G dependence as proposed by Forte /6/.
He would l o o k f o r such a term using non-centrosymmetric c r y s t a l s . We propose t h a t a neutron experiment along t h e l i n e s discussed above could a l s o be empl2ygd i n such searches. S i m i l a r comments h o l d f o r P v i o l a t i n g terms o$ t k e form z . ( n x~) , which implies an arrangement o f t h e neutron s p i n p a r a l l e l t o h + k l . The magnitude o f the l a t t e r term can be estimated from the experiments measurina ? v i o l a t i o n as a s p i n r o t a t i o n effect /7/ i n t h e transmission o f p o l a r i z e d neutrons. Estimation shows the r e s u l t i n g phase s h i f t s t o be too small f o r observation i n an i n d i v i d u a l s c a t t e r i n g event. A s i m i l a r comment probably holds f o r the simultaneously P and T v i o l a t i n g c o n t r i b u t i o n /6,8/, though we are n o t aware o f any r e l i a b l e estimates o f i t s magnitude i n nuclear s c a t t e r i n g .
As we mentioned i n the discussion o f the s p i n -o r b i t term, an enhancement by a f a c t o r o f 2 can be achieved by f l i p p i n g t h e spin a l s o i n f r o n t o f the f i r s t c r y s t a l p l a t e . I n general, by employing n c r y s t a l p l a t e s i n a zig-zag r e f l e c t i o n manner w i t h spin f l i p s between each o f t h e p l a t e s an enhancement by a f a c t o r o f 2n over t h e phase o f the i n d i v i d u a l s c a t t e r i n g event maybeachieved. For i n t e n s i t y o p t i m a l i z a t i o n the thickness o f the i n d i v i d u a l c r y s t a l p l a t e s should there be j u s t h a l f a pendellosung length. By analogy one can then replace the m u l t i p l a t e arrangement by one b i g c r y s t a l and extend the f l i p p i n g f i e l d a l l over t h a t c r y s t a l . There, an analogous a m p l i f i c at i o n of t h e phase occurs, i f the magnetic f i e l d i s tuned such, t h a t the Larmor precession l e n g t h equals t h e pendellosung length. It w i l l be shown i n a f u t u r e publicat i o n , t h a t i n t h a t case o f a pendellosung-Larmor precession resonance one o f t h e s o l u t i o n s o f the Takagi be achievable. I n a possible experimental a p p l i c a t i o n a n o n -t r i v i a l question concerns the separation o f the odd-symmetry e f f e c t s from Schwinger s c a t t e r i n g which implies extremely precise alignment o f t h e c r y s t a l i n t h e very homogeneous magnetic f i e l d . Yet i t i s s t i l l n o t obvious, whether an i n t e g r a t e d i n t e n s i t y s u f f i c i e n t f o r p r o v i d i n g t h e necessary s t a t i s t i c a l accuracy i s obtainable w i t h i n reasonable measuri n g time i n order t o improve the present l i m i t on the neutron EDM. The s i t u a t i o n may be d i f f e r e n t f o r simultaneously P and T v i o l a t i n g terms, where p r e s e n t l y no e x p e r imental l i m i t has been set. W e wish t o thank Prof.C.G.Shul1 f o r discussions and encouragement. This work has been supported by the U.S. National Science Foundation grant No. DMR 8021057A01.
